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FOREWORD

Becavse many contemporary requirements for radar cross section (RCS) coniputa-
tions are for large, complex targets, the most useful prediction methods lie in the high
frequency band. However, a recent survey of high frequency RCS prediction technigues’
confirmed that none of these methods can adequately handle the sutface traveling vw. e
phenomenon, which is a significant echo mechanism for large realistic targets.

The importance of predicting the traveling suiface wave phenomenon lies not only
in the need to improve existing theory and methods and thereby extend current frontiers
of this field, but also in potential valuable applications to realistic targets for the purpose
of radar signature prediction, analysis and contro]. The echo area resulting from traveling
waves excited on the surface of targets depends strongly on hoth the entire surface and
the edges bounding the surface.

The great diversity of surface shapes and types of discontinuities, as well as the
complexity of proper theoretical formulations for this problem, have made it necessary to
approach the solution in a series of steps. Each of these steps is distinct, and each step
will be defined and documented in a corresponding report.

This report is the first in the series. It covers that part of the probiem which includes
radar targets with dominant contributions from traveling surface waves. We consider here
a long thin rod and an ogive. The radiation patterns of these targets exhibit strong depen-
deunce upon the traveling wave mechanism.

In other reports on this subject we will extend the approach to compiex targets
whose RCS patterns exhibit contributions from many scattering mechanisms. For thase
targets the traveling wave contributions are still significant but do not dominrate the over-
all radar scattering. Accurate predictions of the target radar cross section are achieved by
adding traveling wave coctributions to major scattering mechanisms.
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/ ABSTRACT

The traveling surface wave phenomenon, a significant echo mechanism for long,
smooth bodies, manifests itself in the radar cross section (RCS) pattern of realistic targets
for horizontal polarization and grazing angles of incidence. Existing radar cross secticn
models do not take this scartering mechanism into account because none of the presently
available theories and methods can treat traveling waves in rourine fashion [see E F.
Knort, *A Progression of High-Frequency RCS Prediction Techniques,” Proc., IEEE,
Vol. 73, No. 2 pp. 252264 (Feb. 1985)]. Analytical radar cross section models for realis-
tic rargets should include this type of scattering in their calculations. This report presents
a theory and an efficient method for calculating mraveling surface wave contributions on
a thin rod and an ogive of arbitrary lenyth. Rectangular flar plate radiation patterns are
also briefly considered. The details and necessary expressions for predicting RCS of
plates will be given in a future report, where the approach will be extended to a more
complex target. The theoretical approach presented here is based on the existing concepts
of antenna theory and geometrical theory of diffraction. Radar cross section patterns that
include traveling wave contributions for a rectangular flat plate and a rod of equal length
are caiculated and compared with measurements. The theoretical results and measured
data show very good agreement. C oy

!
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1-2844-120.

INTRODUCTION

Many contemporary requirements for radar cross section (RCS) calculations are for
large, complex targets and are in the high frequency band. Furthermore, radar scattering
from any realistic target is a function of the body’s material properties as well as its ge-
ometry. Once the specular reflections have been eliminated by radar absorbing maierials,
only nonspecular or diffractive sources are left. Nonspecular scatterers are edges, creep-
ing waves, and traveling waves. They often dominate backscattering patterns of realistic
targets in the aspect ranges of most intercst. To suppress these sources as well, an accu-
rate and computationally efficient theoretical formulation must be found to predict them,
and then the effect of the target’s material properties on such nonspecular sources must be
examined. While our repertory of useful computation methods has been greatly expanded
in the last 50 years, some scattering mechanisms, such as traveling surface wave phenom-
ena, still cannot be treated in routine fashion (Knott!). A growing effort directed at this
type of scattering has beeu seen in the past few years.2 However, none of the presently
available methods can adequately handle the traveling surface wave.

This report is the first of a series which will describe research to develop an accurate
and computationally efficient theoretical fonaulation for predicting traveling surface
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waves. The objective of this program was to study and analyze nonspecular scaitering
and 1o find the most effective methods in suppressing its contributions to the backscatter-
ing from various target shapes. For most targets of interest, nonspecular scattering due to
traveling surface waves takes place at horizontal polarization, and the trailing edge of the
target is the dominant source of scattering.

Three typical geometries were selected for study: a long thin rod, an ogive and a flat
rectangular plate. The rod and the ogive are discussed in detail in this report; the rectan-
gular flat plate will be deal. with in a future report.* Measured radar cross section
patterns of such targets are available in the open literature.>* Although we have consid-
ered only three shapes, the results obtained are applicable to targets of different
geometries as well.

The analogy was explored between a traveling wave antenna and the three geome-
tries selected in order to derive equations for predicting radiation patterns. The end-fire
antenna theory was applied here for the purpose of studying the traveling wave mecha-
nism. The geometric similarity between the traveling wave anienna and the selected
targets manifests itself also in the radiation patterns. The traveling wave antenna is simple
for analysis because its characteristics are well controlled and its theory is well estab-
lished.

First the Maxwell equatious were applied in the theoretical treatment of a traveling
wave antenna. Expressions were derived for calculating the antenna field radiation pat-
tem. The analogy was then explcred between the calculated antenna radiation patterns
and the traveling wave echo ri:turps in radar cross section patterns of realistic targets. The
antenna equations obtained were used initially to derive expressions for predicting travel-
ing wave contributions to RC' patterns of virtually one dimensional targets such as a
long thin rod and an ogive. Fiually, we have briefly discussed extension of this theory to a
flat rectangular plate.

RADAR CROSS ¢ ECTION RESULTING FROM TRAVELING
WAVES EXCITED ON THE SURFACE OF VIRTUALLY
ONE-DIMENSIONAL LONG, THIN TARGETS

SURFACE TRAVELING WAVES ON RADAR TARGETS

The traveling wave is a high frequency phenomenon. Surface traveling waves are
launched for horizontal polarization and grazing angles of incidence on targets with long
smooth surfaces. There is littie attenuation trom the fla: smocth surface, so the wave
builds up as it travels along the target. Upon reaching a surface discontinuity, for example
an edge, the traveling wave is scaftered and part of it propagates back toward the radar.
The sumn of the traveling waves propagating from the far end of the target toward the near
end is the dominant source to the target radar cross section. This can be clearly observed
in the radiation pattern of a long thin rod. The radar return of the rod is small if the inci-

~ dent electric field is perpendicular to the axis, but the return is large if the electric field is
in the plane containing the propagation vector and the rod axis. Moreover, as will be
shown in the next section, the shape of the radiation pattern from a traveling wave

*Stoyanov, YJ., C.R. Schumacher, and A.J. Stoyanov, “Radar Cross Section Calculation of Traveling Sur-
face Waves on a Flat Rectangular Plate,” DTRC report in preparation.
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antenna is very similar to the part of the radar cross section pattern of the rod that is due
to traveling wave contributions. The same physical mechanism is behind both cases.

The traveling wave echo area from the far end point of a rod and an ogive were
treated by Peters3 in 1958, However, this treatment is approximate, and little progress
has been made since this work was published. The treatment has not been extended to the
routine calculation of surface traveling waves for more compl. t realistic targets. To de-
rive expressions that can bs used in routine calculations of RCS by computer models that
include traveling surface wave coantributions, we have developed methods that incozpo-
rate and extend information currently available on traveling surface waves. We have
established stable relations between target dimensions and radar frequency. Our approach
includes traveling wave antenna coacepts and expressions used to predict traveling wave
lobes.

TRAVELING WAVE ANTENNA CONCEPTS

The thes 'y of traveling wave antenuas is based v-pon Mazwell’s equations. If damp-
ing due to radiation emissior. is neglected anc the ante.ana is thin enough, the cuirent
along the antenna <an be taken as sinusoidal in time and space with wave number

k=w/c where w is the angular frequency and c is the speed of light. For currents
I(z,1) varying iv ttme we can make a Fourier analysis of the time dependence and handle
each Fourier component separately:

Iz, t) = I(z)e™e?

In the eguations that follow the time dependence factor, e, is assumed and is

omitted for brevity. For the traveling wave anienna the geometry of current flow is simple
enough that the integral for the vector pwstential is found in closed form.

Consider a thin, linear antenna of lengh L (shown in Fig. 1). The antepna is as-
sumed t0 be oriented along the z--axis. This anterwa isfed at 2 =0, and its farend (z = L)
is grounded. For the antenna shown in Fig. 1 there is only a traveling wave in the + z di-
rection caused by the alternating current.

oy = Igexp(—ikz) . (1)

Such an antenna generates waveiing wave radiation patterns. Maxwell equations are
applied first to a short antenna whose length L is much iess than the incident wave length
(L <A). The radiation 2xpress.ons derived for a shori antennz are then used to develop

solutions for a long antenna swith (L ® ). The electric field swrength at point
P(r < A)is given by
E="-VxH,
e )

where E and H are electric and magnetic field strength vector, respectively, and they are a
function of space variables onty.
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Fig. 1. Traveling wave antenna of length L. The field to be determined is at
an arbitrary point P.

a 0 ) ag 0
VxH= —(H B)~——(Hy) ,
rsin@ 60( psind) r ar(r ») 3)
)| 2 1 . .
H=zagqy—| — OALe™ .
Wam | TE @)

In these equations E has components in both r and € directions, while H is always in the
¢—direction.

Substituting Eq. 4 into Eq. 3 and then into Eq. 2, and noting that for large distances
to the point P(r ¥ L) we can ignore terms containing the negative second and third
power of r, we obtain:

iwul(2) -i2m'

m,“ sin6 exp —0 dz , )

dt = ag

where r' = r —: cos @ and 4z is an infinitesimal element of the antenna length.
Substnuting Eq. 1 into the above Eq. S, we obtain

dE = ag K:;[o s'mchp[— ik{r +2(1-cosb )]}dz .

(6)
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The electric fizld at P from the whole antenna of length L is obtained by integrating from
2e=Qtoz=L:

. L
E = g u;):::o sin 0 exp(~ ikr) f . exp|— ikz(1 - cos 6)]dz .

@
Evaluating the integral in this equation we obtain
L 1 (L g
expi— ikz(1 --cos@ z=—-—f exp(-f2)d(-Bz) = (1 - eP-)— |
L pl- ikz( )d 2o p(—B2)d(-Bz) = ( )ﬂ ®

where f = ik(1 ~cos @) and k= 271/A.

Substituting Eq. 8 into Eq. 7, we obtain
[1 - e—ik(l-(:os G)L]

R ik
~ ag—0"1
E aotmr 0™ sin 6 k(1 —cos @)

or

E = ag w/‘j' Ioe—'b sin § [l_eqv'k(l-cosO)L] ]
27 4ar (1-cosf)

Since k=—'12£=wf;;€ and 7 =‘/%:=92—n#}— , Wwe can rewrite the above equation in a
~ompact form:
Ioe™*"  sinf
E = g% (1~
4nr (1-cosB) 9)

where F = kL(1 —co0s0)/2.
To caiculate the radiation paitern at point P for the raveling wave anterna under discus-
sion, we can use the rms magnitude of the electric field strength given by Eq. 9
| = nly sinFsin@l
2| 1-cos@ I ) (10

The derivation of Eq. 10 is given in the Appendix.
Equation 10 shows that the rms amplitude of the E-field is a function of aspect angle 8,
antenna length L, and incident wave length 4, for a given values of , , and Jo.

NUMERICAL RESULTS FOR A TRAVELING WAVE ANTENNA

Figure 1 provides the geometry of the problem. The electromagnetic field at an arbi-
trery point P is produced by the alternating current which gives rise to the surface wave
traveling along the antenna length. The radiation field patterns at point P are calculated
by using Eq. 10. However, since we are primarily interested in the dependence of
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radiation pattern on antenna length (expressed in terms of wavelength), Eq. 10 is modi-
fied to become

sin 6 sin| (1 - cos 0) & |
1--cosf ' eV}

[E| = const

For a given antenna of length L the constant can be set equal to unity. Figure 2
shows the calculated radiatior. pattern (i.e. |El —ficld versus aspect) for the antenna of
length L = 54. The lobe structure consists of five peaks. The maximum radiaticn occurs
at the principal lobe, which for the antenna of given length (L = 51) occurs at 6 = 22.1°
(i.e. Y =90°~ 0 =67.9°) (Fig. 3). This pattern is the same radiation pattern as that in
Fig. 2, but it is for angle i, which is used later in the text for easy comparison witk rod
and flat plate RCS patterns.

10.0
7.5 -
o .
- B
w
uw 50 -
[<2] | ﬂ/'—‘,_
- / \
/
/
g /
J)
b~ :‘,'
4
2.5 !
. /
/
L/
(-
v
.
0.0 ek —

Flg. 2. E-field radiation pattern for the antenna of Fig. 1. The F—field is versus aspect
angle 6 for an antenna of length L = 53,

DTRC-80/014




10.0
7s|-
i
[
0
0 B
L 50}
_(;_d_ L //"""\‘
- \\‘
: \\
25 [ ~ / \\
i PN /N / ’ \\ | \\\
AVAYEYER M
0.0 Mﬂ“ Www

Fig. 3. The field radiation pattern for an antenna of length L = 5. The £-field is
versus y angle.

For a longer antenna, such as L = 94, the radiation field pattern is shown in Fig. 4.

The lobe structure due to the traveling wave consists of nine peaks for this antenna.
Again the maximum radiation occurs at the principal lobe, which for the antenna of

L =94 occursat p =73.5°(i.e.at 0 =16.5°).

Figure 5 shows the calculated field pattern for an antenna of length L = 154. This
radiation pattern has 15 lobes. The maximum radiation comes from the principal lobe,
which occurs at 6 =12.7° (y =77.3°). Figures 6 and 7 show calculated field radiation
patterns for antennas of 20 and 39 wavelengths, respectively. These figures show that the
number of lobes exactly corresponds to the antenna length in terms of wavelength, The
principal lobes for antennas having a length of 20 and 39 wavelengths occur at 6 = 11.0°
(p =79.0°)and 6 =7.9° (y = 82.1°), respectively.

These examples indicate that as an antenna increases in length for a fixed 4, the
number of lobes in the field radiation pattern increases and the principal lobe shifts to a
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region of a very low 6 angles of incidence (€ =90° — ¢ ). The arguments just presented
are next used to predict lobe locations and to derive and verify analytical formulas. As
was mentioned earlier, the ability to calculate the location of the principal lobe in the ra-
diation pattern represents a significaat link between antenna theory and a realistic target
echo area, and this link is important in predicting traveling wave contributions to the ra-
dar cross section of the warget.

LINK BETWEEN THE TRAVELING WAVE
ANTENNA AND A LONG THIN ROD

Next the traveling wave antenna radiation pattern shown in Fig. 7 is compared with
the measured RCS piot of Fig. 8 for a long thin rod of equal length (L = 391). The RCS
patterns and equations of realistic targets usually differ from the antenna E—field radiation
patteia and corresponding antenna equation in many ways, but they do have one common
teatuze: the traveling surface wave. Indeed, the iraveling wave antenna is the only target
whose radiation pattern results from the traveling wave mechanism. The radiation pattem
of a long thin rod results frora iwo dominant scattering mechanisms, sp~cular reflection

10.0
-
’—-
75 b
i / \\
Q
| )
o / \
Z s0f / \
£ 5

Toe 10°  20°  30° 40° 50° 60° 70° 80°  90°
v ::80°~ 8

Fig. 4. The field radiation patiern jor traveling wave antenna ot length L = SA.
The E-field is versus y anyle.
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and the traveling surface wave. Targets of more complex shape exhibit more scattering
mechanisms, Therefore, to study the traveling wave phenomeunon we first considered ra-
dar targets having the minimum number of scattering mechanisms besides the traveling
wave.

The plot for the rod RCS has two peaks at or near 8 =0° and 6 =90°. At a graz-
ing angle of incidence the aveling wave contributions for the rod represent a lobe
structure whose shape agrees well with the traveling wave anienra radiation patiern of
Fig. 7. To develop a traveling wave theory that can be used to predict rod RCS patterns
we explored the possibility of using Eq. 10 of the traveling wave antenna and the remark-
able similarity in radiation patterns observed in the previous section. Since Eq. 10 is not
directly applicable in calculations of the rod RCS, we have derived equations that are in
agreement with the antenna iobes, and hence preserve the lobe structure. These equations
can be used to predict the traveling wave lobe positions.
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Fig. 6. The field radiation pattern for the traveling wave antenna of Fig.1. The E-field is
varsus y angle and antenna length L = 20A.

DERIVATION OF EXPRESSIONS GOVERNING THE
LOCATION OF TRAVELING WAVE LOBES

Having identified the traveling wave mechanism as the link between the traveling
wave antenna radiation pattern Eq. 10 and the rod RCS pattern, we next derived the ex-
pressions that govern the location of traveling wave lobes for realistic targets such as a
thin rod and at antenna. We have re-examined Eq. 10 in this section to derive the equa-
tion that can be used to predict Jobe positions directly, without calculating radiation
patterns and then reading out the lobe positions. This is accomplished by differentiating
Eq. 10 with respect to € and then setting the result to be equal zero. Thus,

dE| nl __ai_lsinFsinGl_ ;
dag 27:7‘.1'0! 1-cosf :_ "
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Fig. 7. The field radiation patterr for the traveling wave antenna of Fig.1. The E-field is
versus y angle and antenna length L = 39).
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Hence,
kL sin® 6 cosf sin 6
tanF = | = ——— 1-cos@ -
an 2 /(1 ~cos )/ 1-cns@ (1--cosB)?
kL
= —sin6 .
2 (12)

Thus, Eq. 12 can be used to predict the exact position of the lobes in the RCS piot of
the rod and the antenna. This equation contains two variables: @ and L (expressed in
wavelengths). The solution of such a transcendental equation can be found numerically
by substituting various values of 6, or by using available computer algorithms based on
the method of successive approximation. By using Eq. 12, we can predict the main radi-
ation peak to be at 6 = 34.9° for an antenna of length L = 24, and at 6 = 22.1° for the

antenna of lengith L = 54.
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i N MEASURED
3 '
| zx """ THEORETICAL
25k |1
K] i
N :i' |
N
e 75h (t
g (1]
oA
8 [l
= s
- ]
25 L-’
__7.5 :.J’ununln : f ‘|
o° 10° 20° 30° 40° 50° 60° 70° 80° 90°

0

Fig. 8. Radar cross section of a rod of length L = 39A and diameter 0.25\. Frequency =
23.85 GHz. Horizontal polarization. Traveling wave reiative phase velocity = 1.0 and
reflection coefficient = 0.32. Calculated traveling wave RCS contributions are shown by
dotted line; measured (solid) curve is taken from Peters.®
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These and other solutions of Eq. 12 can be verified by comparing them with the
plots calculated in the previous section from Eq. 10. Figures 2 to S show field radiation
patterns for antennas of length L =24, 94, 154, and 204, respectively. These plots
show that the maximum radiation peak is the first or principal lobe at § = 22.1°,

6 =16.5°, 9 =12.7°, and 6 = 11.0°. For the antcana of length L = SA the agrecment is
excellent. The second, third and other lobes can be found from these plots or from tke

following relation:
o o 360 [bn 1
§ 7 2y L’ (13)

where 6, is the azimuth position of the nth lobe and b, is the characteristic value for the
given lobe. The numerical value of b, can be found from plots of Eq. 10 calculated for
the antenna of given length or by numerical means (Knott et al.%). For each lobe the b,
values can also be found by using Eq. 14:

2L L 6, \
bp=—m| —— ] .
A 360° (14)

For the first three large lobes the angles €, 6,, and 85 can be accurately determined
from the antenna radiation plots. Thus, by = 1.1855, b, = 4.604, and b3 = 7.7898. For ex-
ample, reading the 6, values from Fig. 7 (L = 391) and then substituting them in Eq. 14
gives the b, values. Substituting b, vaiues into Eq. 13 we obtain, in turn,

7
6,=4935 [= |
! L (15)
=
6,=98090 /=,
? L 16)
65 = 127.59 A
L a7

Az will be shown in the next section, the lobe positions predicted using Egs. 15 to 17
agree well with those in the radiation antenna plots (calculated by using Eq. 10) and with
the measurements. This method avoids lengthy numerical calculations in predicting trav-
eling wave lobes. The next sections present numerical resuits for predicting positions of
traveling wave lobes and their magnitudes, and thus derive equations which include the
above results and govern the RCS contributions of traveling surface waves for a long thin
rod.
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NUMERICAL RESULTS FOR TRAVELING WAVE LOBES

Equations 1.4 to 17 can be used to calculate lobe positions and compare them with
those in the anterna radiation plots (shown, for example, in Fig. 6). For an antenna nav-
ing a length of 204, the principal lobe occurs at @ = 11.0°, the second lobe is at

6, = 22°, and the third is at 5 = 28.5°. Substituting first the value of 6, iuto Eq. 14

gives by = 1.1685. Substituting b is.to Eq. 13 then gives ) = 494 /l/L or, for the an-
teana of length L =204, ;= 11.05° (¢ =78.95°).

This resuit is in & very good agreement with the plot of Fig 6. For a long antenna,
such as L = 394, the field radiation plot is given in Fig. 7, where the principal traveling
wave lobe is located at 6 = 7.9°. Substituting this value of 6 into Eq. 14 gives
by = 1.1634. This value of b, differs slightly from the previously calculaied value. How-
ever, the value of 6, predicted-differs-using by = 1.1634 in Eq.14 for the shorter antenna
(L = 204) agrees even better with the plot thaa that calculated using by = 1.1685, found
for the short antenna.

For the antenna of length L = 54 the first (principal) traveling v’ave lobe can also be
accurately predicted by using Eq. 15. The location of the second or third dominant jobe
can also be predicted in a similar manner. Thus from the piot of Fig. 6 (for an antenna of
L = 204 where 6; = 21,9 and Eqs. 14 and 16 we obtain b; = 4.5898 and 0, = 21.9°.
Again comparing the predicted value 6, with the value from Fig. 6 reveals very good
agreement, The appreach developed can also be applied to derive equations and to predict
the locati on of any waveling wave lobe. The accuracy of the predicted values of 8, for
n > 1 does pot depend significan..y on the antenna length. However for the longer anten-
na the predicted values of b, and §, are more accurate.

The derived expressions for calculating traveling wave Jobe positions in the antenna
radiaton patiern are used next in prediciing traveling wave contributions to the RCS of a
long thin ; »d. Comparing the radiation patiern of an antenna of leagth L -: 394 (shown in
Fig. 7) with the experimentally mzasured lobe soucture in the rod RCS pattern (shown in
Fig. ) reveals remarkable similarity in the lobe structure shape, but a difference in the
magnitade. The next step is to derive rod RCS equations governing the magritude of the
traveling wave Jobes.

RCS EQUATIONS GOVERNING TRAVELING WAVE
CONTRIBUTIONS ON A THIN ROD OF ARBITRARY LENGTH

The problem of calculating the radar cross section of a thinrod (@ € A,L » 1) is
complicaied by the presence of traveling wave returns in addition to the specular reflec-
tion. However, unlike the RCS pattern for a flat rectangular plate, on a thin rod the
contributions ¢{ the two scattering mechanisms are distinct and well confined to different
aspects, Specu ar returns manifest themselves at broadside aspeci (around 6 = 90°),
while traveling waves contribute at low angles of incidence (i.c. around 6 =0°).

‘Therefore, to accurately predict the total RCS of a thin red, the specular and travel-
ing wave cuntr buticns must be calculated. Most earlier efforts were directed at deriving
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equations goveming specular reflections, and little work has been done to predict the
traveling wave contributions. Since the traveling wave contributes sigrificantly to total
target RCS, an accurate and efficient method of predicting this type of scattering mech-
anism has been developed in this investigation, Thus in the present report we have
cunsidered only the development of equations governing the traveling wave contribu-
tions,

Peters® firstidentified this problem, and he made use of antenna theory and derived
RCS equations for arod and an ogive in the region of longitudinal incidence. In the pres-
ent investigation we have extended this approach to targets of an arbitrary length. Since
Peters” equations include empirical value (such as current reflection coefficient y ) we
developed atheoretical approach to avoid this limitation. More specifically, we consider
scattering by a thin, perfectly conducting rod of arbitrary length L.

The echo area resulting from traveling waves excited on the surface of the rod is
obtained by using antenna theory?:

o = y*AL6,9) (18)

where ¥ is the current reflection coefficient, which depends on the antenna terminals and
is found empirically, A6, @) is the Cross section presented by the antenna to a plane
wave incident from the direction 6,¢ and is given by Eq. 19 (Silver’):

2

42-"
AL6.9)= GO.9) 19)

Thkevalie G(8,¢) is the gain function defined as the ratio of the power radiated in a

given direction per unit solid angle to the average power radiated per unit solid angle. 1t is
independent of the actual power level and expresses the increase in power radiated by the
antennz in a given direction over that from an isotropic body emitting the same total pow-
er. Here 6, ¢ arethe spherical polar coordinates and A is the wavelength. The remaining

term, A %/d7z, is auniversal constant that represents the average absorption cross secticn
when the antenna load is matched to its impedance (Silver?).

The gain function G differs for targets of different shapes. For a thin rod this fun -
tion can be identified with directivity D. The directivity D is equal to the gain G for a
lossless antenna and is given by Peters3:

2

1 . 3 y
sin*(6) . kL
D= 2B? f ———————— 1 sin—(1-pcosB) | df , (20)
/ o (1--pcos@)? 2p( P )
where B is the maximuna value of the pattern factor
sinf@ . kL n .
B=—= —{l=-pcus¥) , <1)

~ e SN
1—-pcos@ 2
and pis the relative phase velecity of the surface current p = v/c; ¢ = 2.997x108 m/s, the
speed of the wavein free space; k = 27/A is the wave propagation aumber; 4 is the

L

DTRC-90/014 15




wavelength; L is the length of the target; and 6 is aspect angle. (At 6 = 90° the incident
wave is perpendicular to the target axis, and at = 0° it is parallel to the axis).

Substituting Eq. 19 into Eq. 1R we obiain

o - G(O)
9 _.200 22
2V g @2

Approximating G(6) to the maximum value of D given by Eq. 20 we derive the
echo area resulting from traveling waves excited on the surface of a long thin target:
2
S, @3)
A 4z

where ¥ is the current reflection coefficient.

The RCS equation 23 contains 6 dependence which is described explicitly by
Eqgs. 20 and 21. It must be emphasized that to use this equation, the traveling wave lobe
aspect 6,, located at a grazing angle of incidence, must also be calculated. The location

of the traveling wave lobe, i.e. the value 6,, (for which directivity D is maximum), de-
pends on target length and the incident wave length. Equation 15 provides the required
value of 8,

Thus, to calculate the traveling surface wave contributions to the RCS cn a thin rod
of arbitrary length we use first Eq. 15 to compute the dominant lobe location 6, fora
given rod and then substitute this value into Eq. 22. A computer algorithm which includes
these expressions was developed and used in our caiculations to predict the traveling sur-
face wave contributions for thin rods of various lengths. The numerical results are
presented in the next section, where the computer code was used initially to calculate
RCS plots for a rod for which experimentaily measured data is available.

THEORETICAL AND EXPERIMENTAL RCS
RESULTS FOR A LONG THIN ROD

A computer program based on the expressions presented in the previous sections
was used first iu the RCS calculation of the traveling surface wave on a thin rod of length
L = 394. The measured RCS plot for a thin rcd of thickness g = 0.254 and length
L = 394 is available® and was used te validate the computer code. The RCS contributions
of traveling waves on the rod were calculated (Fig. 9) and compared with measurements
(Fig. 8).*

Figure 8 shows the calculated and measured RCS coatributions of traveling surface
waves from —7.5 t0 +20 dB. The traveling surface wave lobe magnitudes decrease rapidly
for aspects away from grazing angles of incidence. Traveling wave RCS contributions are
dominant for aspeci angles 0° < € < 30°, while the specular reflections dominate rod ra-
dar return for aspects at and near normal incidence.

* The plot of mensured data in Fig. 8 differs from the piot prescated by Peters (Ref. 3, Fig. 6), who used
an uneven RCS incremental step size on the y-axis. Uneven steps are cuambersome for RCS analysis and
were removed to avoid confusion.
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The calculated traveling wave lobe structure and RCS values agree well with mea-
sured dat2. In Fig. 8 these data are marked by dottzd and solid lines, respectively. For the
rod we also compared our caiculated data with {i.at obtained by using approxiraated ap-
proaches of Peters® and Woolcock.? The three calculated traveling RCS curves are shown
in Fig 9. The traveling wave lobe structures calculated by these methods agree well with
each other. However, our calculated traveling wave RCS peak values (shown in Fig. 9 by
a solid line) are slightly higher than that of Peters and over 2 dB higher than that obtained
from Woolcock equations. Since our values agree well with measurements (shown in Fig.
8) we conclude that the approach developed in the present investigation is niore accurate
than that of Peters and Woolcock. The latter approach can also be used for red of arbi-
trary length but agrees well with measurements and our predictions for a short rod. For a
rod of length 51 the calculated wraveling wave RCS values are shown in the piot of Fig.
10. Figure 10 was compared next with the traveling wave antenna radiation pattern which
is shown in Fig. 7 and was also calcuiated for the rod of length L = 394.

The lobe structure and the location of individual iobes for these targets are in very
good agresment. The computer code was used to predict RCS patterns for rods of various

17.5
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10.0
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e

Fig. 8. Calculated traveling wave RCS contributions for @ rod of length L = 334. Solid
line was calculated using our approach, dashed line was calculated from Feters® Eq. 7,
and dotted line was obtained using Woolcock's approximated equaticn.®
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Fig. 10. Calculatad traveling wave RCS contributions for a rod of length L = 5A. Solid
line was obtained by using Woolcock's approximated equation®, dotted line was calcu-
lated using our approach.

lengths. Figures 11, 12 and 13 show traveling wave contributions for a thin rod of length
L =154, 91, end 54 respectively. Comparing these plots with the corresponding field
pattern of Figs. 5, 4 and 3 note that the traveling wave lobe structure for the antenna

agrees well with that of a rod of equal length. Thus th2 caiculated aztenna results have
served well to verify the accuracy of the RCS computer code for a rod of arbitrary length.

For validation we also used the measured RCS plot for a rod shorter than that of
Peters.’ Figure 14 shows calculated and measured plots for a rod of length L = 264, The
predicted magrirude and position of the traveling wave principal lobe and ihe lobe struc-
ture agree well with the measurements. (The discrepancy is less than 1 dB and may come
from the system used for reproduction of the measured data of Woolcock.®)

After validating the computer algorithm, we used it in RCS calculations of the trav-
eling surface wave and in theory development. In the forthcoming sections we predict
traveling wave contributions on a rod whose length is equal to the leagth of a fiat rectan-
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Fig. 11. Calculated traveling wave RCS contributions for a rod of length L = 15A.

gular plate. Since for the flat plate the measured RCS data for horizontal polarization
exhibit prominent traveling wave contributions, we compare it with the rod RCS plot
containing the traveling wave lobe structure and RCS contributions predicted by our al-
gorithm. We used the specific dimensions of the flat plate and the particular radar
frequency that were similar to the corresponding data of Ross,* who presented exper-
imental RCS measurements. To demonstrate that the approach developed is not limited
to a flat surface, we first extend it to a curved surface.

The theory of waveling surface waves can be applied to targets with a smooth
curved surface. The RCS equations governing contributions of the traveling wave on an
ogive is discussed next. We also compare predicted and the measured RCS plots for an
ogive. After validating the computer code for calculating the RCS contributions of the
traveling wave for a thick ogive, we extended our investigation to a flat plate.
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Fig. 12. Calculated traveling wave RCS contributions for a rod of length L = 9A.

RCS EQUATION GOVERNING TRAVELING WAVE
CONTRIBUTIONS ON THE OGIVE

The theory of traveling surface waves was applied to the calculation of the the RCS
pattern of an ogive having arbitrary length. The ogive is a three-dimensional body de-
fined as the minor arc of a circle of radius R rotated about its chord. The geometry of an
ogive is shown in Fig. 15. Note that its geometry, though differeat from a rod, has many
common features. Both targets have long smooth surfaces terminated by a sharp disconti-
nuity. Hence traveling surface waves may aiise during radar scattering and contribute 1o
the target RCS signature. When the E—fiecld component of an incident radar wave is tan-
gential to the surface of a target and is in the plane of incidence, the surface wave is
launched. It builds up as it propagates, and upon reaching the edge is reflected back. If
there is no sharp discontinuity (which may be the case for come ogives) the surface wave
propagates into the shadow region and emerge as a creeping wave.
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Fig. 13. Calculated traveling wave RCS contributions for a rod of length L = 5A

The RCS radiation pattern fo- thi; target results from specular reflection and from
traveling and creeping surface waves. In contrast to end-fire antennas or thin rods which
are straight, the ogive is a curved body. For such 2 target the axial velocity of the surface
wave is somewhat slower than its velocity over the surface because of the greater distance
traveled. Peters® considered the ogive as a traveling wave antenna whose surface wave
velocity is an average. The average: value is assigned to the surface wave on the basis of

the additional distance traveled. Fcr an ogive the selective phase velocity of the surface
current, p = 0.99, agrees closely with measurements.’

For an ogive of arbitrary length we first derived an expression governing the lobe
structure and the amplitude of the rzflected surface wave ard then used that expression to
calculate the traveling wave contritutions to the target RCS. To derive the field patterns
we adopted Peters’ approach and u zated an ogive as a thin linear traveling wave antenna.
Then Eq. 23, which was derived for a thin rod in the previoas section, is also applicable
to the ogive. However, the equation for the rod (Eqgs. 15 to 17) which we used to calculate
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Fig. 14. Radar cross section oi a rod of iength 26.512\ (0.228 m), diameater =
0.00163 m, wavelangth A = 0.0085 m. Horizontal polarization. Traveling wave relative
phase velocity = 1.0, and reflection coefficient = 0.32. Calculated traveling wave RCS
contributions are shov.n by dotted line; measured curve was taken from Woolcock.?

the position of the principal lobes, had to be modified to account for the difference in the
distance traveled by the wave on the curved surface of the ogive. For an ogive these equa-
tions become

6, =49.35/A/Ley (24)
0, =98.09 //Lyg , (25)
03 =127.59/2/Lg , (26)

where the effective length, L.g, 1s the actual path length traveled by the surface wave on
the ogive before it is scattered by the target’s far end.
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THEORETICAL AND EXPERIMENTAL RESULTS FOR AN OGIVE

With the ogive treated as a radar target, we are primarily interested in verifying its
lobe position equations and the lobe structure in the RCS plot due to the traveling surface
wave mechanism. To calculate the lobe position for the ogive shown in Fig. 15 we used
Eq. 24, which accurately predicts the position of the principal lobe, the lobe structure and,
together with Eq. 23, the RCS amplitude. The RCS lobe magnitude depends strongly on
the current reflection coefficient y. In our calculations for the ogive we used y = 0.7,

0.5 and 0.32. The first value, y = 0.7. which was obtained empirically by Peters,? does

not provide good RCS data. Because in Eq. 23 y? is directly proportional to the RCS of
an ogive, a smaller or larger value of y directly leads 10 a decreased or increased RCS
magnitude. We also used the second and third value of ¥ (0.5 and 0.32) to calculate the
ogive RCS data and to compare it with the measurements.

The computer algorithm developed for calculating traveling surface waves on an
ogive with a half-angle a = 15° was validated with the available measured data (Pe-
ters®). Figure 16 contains measured and calculated plots for the metallic ogive of length
L =394, radius R = 774, ogive half-angle « = 15° and frequency f= 23.85 GHz. In
these calculations we vsed relative rhase velocity p = 0.99 and the current reflection coef-
ficient ¥ =0.35. Note that Pecers’ published measured data for such ogive? did not agree

well with his predictions that are based on y = 0.7. Thus, Peters’ predicted plot of

RADAR
A

Fig. 15. Geometry of the ogive.
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Flg. 16. Radar cross section of an oygive of length L = 394, (effective length 39.948A for
traveling wave), radius R = 77A, angle a = 15°, fraquency f= 23.85 GHz. Travelng
wave phase velocity = 0.99, reflection coefficient = 0.35, horizontal polarizatior Calcu-
lated traveling wave RCS contributions are show by dotted iine; measured (solid) curve

was taken from Knott.6

RCS/A? vs. 8 shows over 3 dB difference from the measursd values of the traveling wave
dominant lobe. The y-axis of the ogive RCS radiation pattern of his Fig. 8 (Peters>),
which represents values of RCS/A?, was marked with nonuniform step size. This is con-

fusing, and Knott® reproduced Peters’ Fig. & using the modified version of the plot.
However, nothing was mentioned about the source of error in Peters’ plot. Theretore, to
validate our RCS computer program for the ogive we compared out predictions first with
Eqs. 8 and 14 of Peters and then with Fig. (6--12) of Knott.$

The agreement is good between our calculated values of G(6} and Peters’ approxi-
mated data. The calculated values for G(8), B, D, and kL agree very well with Peters’
data if ogive length is L = 39.954 instead of i = 394. Figure 17 shows our calculated
plor with a uniform step size of RCS/A? values for the traveling wave on the ogive. For
this plot we used the current reflection coefficient ¥ = 0.7 given by Peters. The lobe
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structure of our plot agrees well with Peters’ calculations but is higher in magnitude thao
his measured values. This clearly indicates that the value of ¥ = 0.7 is not accurate.

To predict lobe values that agree better with measurements, we used a traveling
wave reflection coefficient y = 0.32. The calculated plot for the ogive using this value of

the reflection coefficient is shown in Fig. 18. Comparing this plot with Peters’ measured
data shows that very good agreement is achieved with y = 0.32. Assuming that his RCS
data were measured accurately, this result indicates that the traveling wave reflection co-
efficient is 0.32 instead of 0.7.

The other available RCS data was calculated by Maffet® for an ogive of length
L = 15.194 and the traveling wave reflection coefficient y = 0.5. This value of y also
differs from Peters’ value of y = 0.7. Maffet used Peters’ approximated equations to cal-
culate RCS traveling wave lobes, and therefore the traveling wave reflection coefficient

was still unnecessarily large. For the ogive of length L = 15.194 we calculated the RCS
using the traveling wave reflection coefficient ¥ = 0.25. This plot is shown in Fig. 19.
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Flg. 17. Calculated traveling wave RCS of an ogive of length 39, radius = 77A, ogive
half-angle = 15°, traveling wave relative phase velocity = 0.99, reflection coefficient =
0.7, frequency = 23.85 GHz. Horizontal polarization.
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Fig. 18. Calculated traveling wave RCS of an ogive of length 394, radius = 774, ogive
haif-angle = 15°, traveling wave reiative phase velocity = 0.99, reflection coefficient =
0.32, frequency = 23.85 GHz. Horizontal polarization.

Comparison of the plot marked by dotted line with RCS values reported by Maffet®
(where the RCS plot was obtained using y = 0.5) shows that the traveling wave lobe

structure and the traveling wave RCS values are in very good agreement. Assuming that
Maffet’s plot was validated with measurements, we conclude that the correct traveling
wave reflection coefficient is 0.25 rather than 0.5. Hence for ogives of lengths
L =39 (Peters®) and L = 15.194 (Maffet®), these reflection coefficients are 0.32 and
0.25, respectively.

We next calculated RCS for an ogive similar in shape to that shown in Fig. 15, but
of shorter length (324), radius 624, and ogive half-angle 14.7°. Figure 20 shows mea-

sured and calculate RCS plots marked by solid and dotted lines, respectively. The
traveling wave RCS contributions were calculated using traveling wave relative velocity
0.99 and traveling wave reflection coefficient 0.32. The measured RCS values were taken

from Crispin.®
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Fig. 18. Radar cross section of an ogive of length = 15.19A (1.519 m), radius = 0.1 m,
ogive hali-angle = 15°, traveling wave relative phase velocity = 0.988, reflection coeffi-
cient = 0.25, frequency = 3 GHz. Horizontal polarization. Calculated traveling wave
RCE contributions are shown by dotted line; solid curve was taken from Maffett.®

The calculated raveling wave lobe structure agrees well with the measurements. To
compare the RCS magnitudes we shifted the measured plot to match the calculated prin-
cipal lobe. The result is shown in Fig. 21. For grazing aspect angles 6 < 50° the traveling
wave RCS contributions are dominant and predicted values agree quite well with mea-
surements. As with the rod considered in the previous section, the specular radar returns
on an ogive are dominant at and near normal incidence. Specular remmns are well known
and can be calculated using physical optics.? !0 From the comparison of the measured and
the calculated plots for the three different ogives we concludz that the traveling wave re-
flection coefficient is larger for a longer ogive than for a shorter one. Additional
measurcments for ogives of different lengths and shapes (i. €. ogive R and half-angle a )
are necessary to derive stable relations between the ogive length, the incident wavelength,
and the wraveling wave rellection coefficient. As was noted above, tbe traveling wave re-
flection coefficient affects the lobe magnitude, but does not affect the lobe structure.
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Flg. 20. Radar cross section of an ogive of length = 324 (effective length 32.91), ra-
dius = 62}, ogive half-angle = 14.6°, traveiing wave relative phase velocity = 0.99, re-
flection coefficient = 0.32, frequency = 23.85 GHz. Horizontal polarization. Calculated
traveling wave RCS contributions are shown by dotted line; measured (sclid) curve was
taket) from Crispin.?

The excellent agreement between measured and predicted traveling wave lobe struc-
tures and principal lobe positions validates the apprcach we have developed. The RCS
computer code based upon this approach predi.ts the traveling wave contributions quire
well for an ogive of arbitrary length.

RCS RESULTING FROM TRAVELING WAVES FXCITED ON THE SURFACE
OF VIRTUALLY ONE- AND TWO-DIMENSIONAL TARGETS

LINK BETWEEN THE TRAVELING WAVE ANTENNA,
ROD, AND A FLAT PLLATE

‘We have shown that a high frequency phenomenon such as the traveling surface
wave is au important scattering mechanism which manifests itself through RCS contribu-
tions in the measured RCS patterns of a long thin rod and an ogive. This is also true of a
flat rectangular plate, which is discussed briefly in this section and will be reated in
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Fig. 21. Same as Fig. 20, but measured curve is shittad by 3.53 dB.

detail iu a future report.* To develop the theory we began with simply shaped targets
where one or two mechanisms cause radar scattering. For example, a virtually one-di-
mensional target such as a rod exhibi's only two scattering mechaaisms, specular
reflection and the traveling surface wave, which dominate the total RCS pattern of the
rod.

It was observed also from RCS plots that the iraveling wave contributions repr:sent

a lobe structure with most of the radiation coming from the first (principal) lobe. For tar-
gets of other shapes, such as an ogive or a flat rectangular plate, more scattering
mechanisins contribute to the total RCS, but the traveling wave lobu structure remains
virtually _nchanged. The theoretical approach developed in this report presicis accurately
the location of both the principal and any other traveling wave lobes. This approack was
validated and ther used in RCS calculation of traveling surface waves on a thin rod of an
arbitrary leagth. The location of the principal traveling wave looe can be predict=d by

*Stoyancv, Y.J., CR. Schumucher, and A.J. Stoyanov, “Radar Cross Section Calculation of Traveling Sur-

face Waves on a Flat Rectangular Fiate.” DTRC report in preparation.
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Fig. 22. Total radar cross section of a 51 x 0.9725) fiat rectangular plate (solid line)
and the traveling wave RCS contributions of a rod of equal length with diameter 0.251
(dotted line).

Eq. 15, and lobe location d=pends on the length of the target. With two different targets of
squal length, such as a thin rod and a flat rectangular plate, it is natural to expect that the
locations of the principal Jobes should be the same. Our calculated RCS plots for a thin
rod and a flat rectangular plate of equal length are shown in Fig. 22 and will be treated in
detail in our next report. 'he principal traveling wave lobes for these targets agree well
with each other, and clearly the traveling surface wave contributes significantly to the
iotal RCS of the flat reciangular plate. Moreover, it can be seen from this figure that sec-
ond and subsequent lobes are larger in magnitude for the plate than for the rod siuce
additional scattering mechanisms such as diffraction etfects and specular reflection con-
tribute to the plate RCS. Specular returns for all these targets are well known and can be
caiculateq asing physical optics.8.10.11

CONCLUSION

A computer algor'thm has been developed which accurately calculates the contribu-
tions of traveling surfa:e waves to the radar cross section of a thir. rod and an ogive of
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arbitrary lengih. Very good agreement with measurements was achieved. This analytical
approach permits prediction and analysis of traveling surface wave lobe structure and in-
dividual lobes in these and similar targets.

In this report our prime concern was with developing the traveling surface wave
theory leading toward accurate radar cross section calculation of targets of simple and
complex shapes of arbitrary length. In our next reports traveling surface wave theory is
developed further and is applied to calculating RCS of a number of important targets for
the purpose of achieving betier agreement between measured and calculated RCS data,
and more effective RCS signature control and reduction.
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APPENDIX
The rms magnitude of the E—rield that is described by Eq. 9 is given by:

|| = VEE* = Z:: (lji::;o )[(1 _e-;zr)(l _em-)]l/z

—_-7710( sin 6 )[l—e‘m'—e"ZF+l]1/2
4ar \ 1 -cos@

oo [ _sinb (2 -2 cos 2F]'/2
4nr \ 1-cosf

4nr \ 1-cos@

=,710( sinf )/E(-I—COSZF) .

e—-«*ZF_._ ei2F
Substituting cos 2F = —————— and 1-cos 2F = 2 sin F sin F', we obtain

I .
gt _sm0 VponA,
4rr \ 1 ~cos6

or

sinesinFI

_"no
1-cosd l ’

2r

[E]

which is presented in the text as Eq. 10.
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